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Tribological properties of materials play an important role in engineering applications. Up to now, a num-
ber of experimental studies have identified correlations between tribological parameters and the mechanical
response. Using molecular dynamics simulations, we study abrasive wear behavior via nanoscratching of a
Cu64.5Zr35.5 metallic glass. The evolution of the normal and transverse forces and hardness values follows the
behavior well known for crystalline substrates. In particular, the generation of the frontal pileup weakens the
response of the material to the scratching tip and leads to a decrease of the transverse hardness as compared
to the normal hardness. However, metallic glasses soften with increasing temperature, particularly above the
glass transition temperature thus showing a higher tendency to structurally relax an applied stress. This plastic
response is analyzed focusing on local regions of atoms which underwent strong von-Mises strains, since these
are the basis of shear-transformation zones and shear bands. The volume occupied by these atoms increases
with temperature, but large increases are only observed above the glass transition temperature. We quantify the
generation of plasticity by the concept of plastic efficiency, which relates the generation of plastic volume inside
the sample with the formation of external damage, viz. the scratch groove. In comparison to nanoindentation, the
generation rate of the plastic volume during nanoscratching is significantly temperature dependent making the
glass inside more damage-tolerant at lower temperature but more damage-susceptible at elevated temperatures.
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I. INTRODUCTION
The deformation behavior of metallic glasses can be dis-
tinguished into three different responses: Elastic response,
visco-elastic response and plastic response. The elastic strain
describes deformation which depends linearly on the applied
load or stress below the elastic limit which is about 2 % in
metallic glasses [1, 2]. An elastically deformed system re-
turns almost instantaneously after the stress is removed to the
initial shape.
The visco-elastic response constitutes one of the main dif-
ferences in the mechanical response between glasses and crys-
tals since this deformation mode does not occur in the latter
material class. It is associated to creep behavior which im-
plies that the system reacts to an applied force on a certain
temperature-dependent timescale which can be described, for
instance, by the Kohlrausch-William-Watts function [3]. The
timescale depends on the structural state of the sample and,
accordingly, it can be decreased via annealing or enhanced
via rejuvenation mechanisms [4, 5].
The third deformation mode, plastic deformation, describes
an irreversible deformation process which can be divided into
two categories, homogeneous and heterogeneous plastic de-
formation [6–8]. When the metallic glass is deformed at
higher temperatures or with low deformation rates, the defor-
mation rate may reach the timescale of the relaxation rate. In
this case the plastic deformation is homogeneously distributed
throughout the entire sample [9]. During heterogeneous de-
formation, the deformation rate is significantly above the re-
laxation rate so the strain is localized into thin planar regions
∗ urbassek@rhrk.uni-kl.de; http://www.physik.uni-kl.de/urbassek/
with a thickness of 10–200 nm, called shear bands [10, 11].
These shear bands exhibit a severely deformed core featur-
ing a significantly decreased local density [10], enhanced en-
thalpy [12] and an enhanced diffusion coefficient [13]. Even-
tually, shear bands lead to the failure of the material, which
limits the industrial applications of metallic glasses.
Recently, it has been shown that even when the system
is able to completely recover the initial shape, local plastic
shear events occur during the deformation. These regions are
called shear transformation zones (STZs), consisting of about
∼ 100 atoms [14–16] and they are characteristics of the plastic
deformation of amorphous materials [14, 17].
Even when industrial applications of bulk metallic glasses
are still limited, the combination of the features of deforma-
tion modes makes metallic glasses often a preferred candidate
for applications of engineering materials, such as coatings,
mechanical components like gears or magnetic read/write
heads [18]. For instance, the elastic limit is significantly
higher for metallic glasses in comparison to crystals, and due
to their ability to localize plastic strain into shear bands they
are not as brittle as ceramics. In this context, the tribologi-
cal properties of metallic glasses attracted research interest in
the last decades [18–22]. In comparison to crystals, metallic
glasses exhibit advantages under certain circumstances. For
instance, some research demonstrated that certain composi-
tions of metallic glasses exhibit a superior resistance [18] to
sliding wear.
The prototypical tribological event on the nanoscale is a
scratch, in which a tip is indented into the substrate and then
moved at a fixed depth along the surface. Such a process al-
lows to identify several material properties, namely the hard-
ness in normal and transverse direction and the friction coeffi-
cient. Such a process is well suited for study by molecular dy-
namic (MD) simulation. Indeed, quite an impressive number
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2of nanoscratching simulations have been performed on crys-
talline substrates; the role of dislocation generation and reac-
tions has been investigated as well as the influence of surface
orientation and scratch direction [23–27]. However, only few
studies have been devoted up to now to the investigation of
nanoscratching of metallic glasses [28].
In this paper, we assess the material properties during abra-
sive wear of a large amorphous Cu64.5Zr35.5 system in molecu-
lar dynamic simulations. We measure the deformation depen-
dence on temperature and scratching depth. This work aims
at correlating the mechanical properties – such as hardness
and plastic activity – and the tribological properties – friction,
wear volume and depth – of our system. We also compare the
differences and similarities between the underlying atomistic
deformation mechanisms during abrasive wear and other de-
formation modes such as nanoindentation. The generation of
plastic rearrangements inside the material is measured for the
first time in simulations of scratching in metallic glasses. This
allows us to establish a correlation between the friction coeffi-
cient and the plasticity inside the sample. We also find that the
generation of plastic events is less effective in nanoscratching
at lower temperature than in indentation but more effective at
temperatures around the glass transition temperature.
II. METHOD
We use the open-source code LAMMPS [29] to simulate
the binary-composition metallic glass Cu64.5Zr35.5. The sam-
ple consists of N = 5,619,712 atoms contained in a cubic sim-
ulation box of edge length L. Its size varies from L= 450.01 A˚
for the lowest temperature to 457.46 A˚, for the highest temper-
ature. The atomic interactions are modeled by the embedded-
atom-method (EAM) potential developed by Mendelev et al.
[30]. A crystalline mixture was first heated to a temperature
above the melting point, T = 2000 K, for a time period of
500 ps and then cooled to the final temperature with a quench-
ing rate of 0.01 K/ps to obtain the metallic glass. We note
that we studied previously the effect of the quenching rate on
the plastic properties of the glass and found that the quench-
ing rate adopted here is sufficiently slow to obtain reliable re-
sults on the glass plasticity [31]. The glass transition tempera-
ture Tg for this particular composition and potential is around
1000 K for a quenching rate of 1 K/ps [32]; for the quench-
ing rate adopted here there would be a slight change of Tg
toward a lower temperature, but not below 800 K. Here, we
simulated samples at 5 different temperatures. We included
T = 1000 K, which is at or above the glass transition temper-
ature, to observe the effects in the supercooled-liquid regime.
During the preparation of the sample, periodic boundary
conditions were applied in all directions and an isobaric en-
semble (at vanishing pressure) with a Nose-Hoover thermostat
was used. Once the final temperature is reached, the system is
left to relax for a total time of 200 ps with periodic boundary
conditions. Then, to prepare the system for the scratch simu-
lations, periodic boundary conditions are applied in the lateral
directions only, while free boundary conditions are exerted on
the top surface, and the system is allowed to relax for an ad-
ditional time of 300 ps. 10 atomic layers at the bottom of the
sample are kept fixed in order to mimic the immobile bulk of a
metallic glass in a real experiment and to avoid center-of-mass
translation of the entire sample.
The tip has a spherical form with a radius R = 10 nm. The
purely repulsive force exerted by the tip on the system is given
by
F(r) = K(r−R)2, (1)
where r is the distance of an atom to the center of the indenter.
The stiffness constant of the tip has been set to K = 10 eV/A˚3.
During indentation we keep the temperature fixed by using an
NVT ensemble. Our simulation proceeds in 3 steps: First the
tip is indented to its final depth d; then it is moved at this fixed
depth for a distance of 10 nm; finally it is moved out of the
workpiece. In all cases the tip velocity was chosen as 20 m/s.
In the main part of the paper, d is fixed to 3 nm; in Sect. III D,
the effect of d on the results is studied.
The open source visualization tool OVITO [33] is used in
our work to analyze and visualize the atomistic configurations.
III. RESULTS
A. Groove geometry
FIG. 1. Pileup generated for temperature T = 10 K. The colors rep-
resent the height of the generated pileup and the depth of the groove
left by the tip.
We display in Fig. 1 a top view of the scratch groove and
the pileup formed above the surface. This image corresponds
to a temperature of 10 K; but the grooves and pileups look
similar at the other temperatures simulated. Note that both a
lateral and a frontal pileup forms. The height of the pileup in-
creases monotonically towards the front of the scratch groove
and reaches its highest value immediately in front of the tip.
The pileup also shows a symmetric shape; while this is natural
for the glass material scratched here, it is in sharp contrast to
the asymmetric pileups generated in crystals [25, 34, 35].
3We determined the height of the pileup above the original
surface at its highest point, i.e., immediately in front of the
tip. The data were taken after the removal of the indenter
and are plotted as a function of temperature in Fig. 2. The
height of the pileup decreases with increasing temperature, in
particular at temperatures above the glass temperature. This
might be attributed to enhanced temperature–dependent stress
relaxation.
Only at the lowest temperature, there is a change in the
trend. This might be due to a switch in the atomistic defor-
mation mode to higher shear-band activity which concentrates
and mediates the shear strain and effectively directs it to the
surface [36] but not necessarily to the pileup. Such a switch
has indeed been observed in indentation simulations [31] and
in experiments [37].
While we scratch at a depth of d = 3 nm, after removal of
the tip we find the groove floor to be considerably closer to the
initial surface, see Fig. 2. This phenomenon is well known –
also from nanoscratching experiments [20, 21] – and is caused
by elastic and visco-elastic recovery (or rebound) leading to
a decompression of the material below the groove that had
been under high compressive stress. We measure the rebound
of the groove floor at the geometrical center of the scratch-
ing groove. The magnitude of the rebound is determined as
the height of the groove floor at this point after indenter re-
moval relative to the height of the floor when the indenter was
scratching at this position. We find the rebound almost inde-
pendent of temperature. A slight decrease of the rebound can
be observed towards the highest temperatures, which might be
due to the elastic response that is known to decrease at high
temperatures due to the stress relaxation induced in the sam-
ple [38].
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FIG. 2. Pileup and visco-elastic recovery of the groove floor as a
function of temperature.
B. Forces, contact areas and hardness
The forces acting on the indenter tip are reliably determined
both in simulation and experiment. We differentiate the nor-
mal force, Fn, acting in the direction perpendicular to the sur-
face plane and the transverse force, Ft , acting along the scratch
direction.
Figs. 3a and b show these forces as a function of the scratch-
ing distance ds for various temperatures. The normal force
decreases during the first ∼ 30 A˚ and then becomes station-
ary. The first 30 A˚ are the onset regime, where the system
changes from the indentation to the scratch mode; while dur-
ing indentation the entire submersed part of the tip has contact
to the substrate and exerts a force on it, during scratch only the
front part of the tip loads the substrate, while the rear partly
loses contact; concomitantly the transmitted normal force de-
creases. This behavior is typical of scratching simulations and
has been found also in crystalline materials [25, 39, 40]. Also
the transverse force shows such an onset behavior, Fig. 3b;
after 30 A˚, however, the force does not saturate, but shows a
slight increase. This increase is caused by the frontal pileup
forming in front of the scratch tip which increases in the
course of scratching, see Sect. III A below, and hence leads
to increasing transverse forces.
The (instantaneous) friction coefficient is readily defined
from these forces as
µ =
Ft
Fn
. (2)
As Fig. 3(c) demonstrates, after the onset regime, it slightly
increases with scratching distance, ds. As Fn is quite station-
ary, this increase is caused by the steadily increasing trans-
verse force and hence by the forming pileup. As with the
behavior of the normal force the evolution of the transverse
force and of the instantaneous friction coefficient are generic
and not restricted to glassy material.
All forces show a distinct temperature dependence in that
they decrease with increasing temperature whereas the friction
coefficient increases with increasing temperature. Fig. 3(d)
focuses on this behavior by plotting the friction coefficient av-
eraged over the last 2 nm of scratching. If Fn and Ft displayed
the same temperature dependence, µ would be insensitive to
T . The fact that we observe a slight increase of µ with temper-
ature hence means that the transverse force does not decrease
as strongly with temperature as the normal force. Note that
the increase becomes particularly pronounced when T rises
above the glass temperature which is due to the activation of
common thermal relaxation mechanisms as observed, for in-
stance, in mechanical loss spectroscopy [4].
In order to calculate the contact pressure and hence the
hardness, we first need to determine the contact areas of the
tip in normal and in transverse direction. Since we know the
positions of all atoms with respect to the scratch tip, these ar-
eas can be determined atomistically from the atoms that are in
contact with the indenter; for details see Appendix A.
The contact area normal to the surface, Fig. 4(a), decreases
during the onset regime by around 30 %; as mentioned above
this is caused by the tip losing contact with the substrate in its
rear part. Macroscopic theories of scratching actually assume
the normal contact area to decrease by 50 %, such that only the
front part of the moving spherical tip remains in contact with
the surface [41]. For nano-sized tips this is different, since the
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FIG. 3. (a) Normal force Fn as a function of scratching distance, ds, for temperatures T = 0.1 K, 10 K, 300 K, 800 K and 1000 K. (b) Tangential
force Ft as a function of scratching distance for the temperatures presented in (a). (c) Friction coefficient µ = Ft/Fn as a function of scratching
distance for the temperatures presented in (a). (d) Friction coefficient as a function of temperature calculated from figure (b) for values of
scratching distance > 80 A˚.
elastic rebound of the groove floor behind the tip keeps part of
the rear surface in contact with the tip.
The transverse contact area, Fig. 4(b), shows a steady in-
crease after the start of the scratching which is caused by the
pileup increasing in size and contacting the tip surface.
The normal contact area shows a distinct temperature de-
pendence; its values are systematically lower at higher tem-
peratures. During indentation, of course, the contact area is
well defined and independent of temperature. Interestingly,
it decreases only after a scratching distance of ≈ 10 A˚. This
marks the point when the rear part of the indenter starts losing
contact with the sample due to the starting groove formation.
While up to 300 K, the temperature sensitivity is negligibly,
it becomes more pronounced for higher temperatures, and in
particular above the glass temperature. This is consistent with
the rebound shown in Fig. 2, a higher and immediate rebound
would cause a higher contact area, which is the case for low
temperatures.
The transverse contact area shows almost no temperature
dependence up to 800 K and only decreases for the highest
temperature 1000 K. This is in line with the reduction of the
pileup height at this temperature, see Sect. III A and Fig. 2.
The contact pressure can be determined from the force and
contact area as
pc =
F
Ac
. (3)
We distinguish between a normal and a transverse (or scratch-
ing) contact pressure. Averaged values are denoted as the
hardness.
Figs. 5(a) and (b) show the evolution of the contact pres-
sure with scratching distance. The normal contact pressure
shows almost no variation; during the onset regime it appears
to decrease slightly, showing that the normal pressure during
scratching is somewhat lower than the normal pressure dur-
ing indentation, see Fig. 5(c). We attribute this feature to the
more complex loading pattern during scratch, where the load
is concentrated on the front part of the tip while the material
under the rear part starts unloading. However, this effect is
minor, changing the normal contact pressure by ∼ 1.5 GPa.
The transverse contact pressure, Fig. 5(b), can only be dis-
cussed after the onset stage. We see that it attains quite sta-
ble values during scratching, even though the pileup increases
steadily during scratch. This demonstrates that the trans-
verse force increases in good proportionality with the trans-
verse area. Note that the fluctuations in the transverse con-
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FIG. 4. Evolution of the (a) normal and (b) transverse contact area Ac with scratching distance, ds, for various temperatures T .
tact pressure are considerably larger than for the normal con-
tact pressure, in particular for low temperatures. The fluctua-
tions come from the intermittent behavior of the force shown
in Fig. 3(b); they are particularly strong at low temperatures.
This is already known from the stick-slip mechanism perspec-
tive [42, 43], which implies that the load drops, or strain burst,
are more pronounced at low temperatures [37].
Both normal and transverse contact pressures show a strong
dependence on temperature. Again we calculate the data aver-
aged over the last 2 nm of scratching, denoted as the hardness,
and display it in Fig. 5(c). The strong decrease with temper-
ature seen is caused by a weakening of the glass at higher
temperatures [38].
The normal hardness is larger than the transverse hardness.
This is caused by the fact that the resistance of the material
to the scratching tip has two sources: (i) the material below
the original surface plane and (ii) the pileup. While the resis-
tance of the material (i) will lead to similar values as the nor-
mal hardness, the pileup (ii) will be softer, since it only a thin
bulge on the surface with a width of around 30 A˚, see Fig. 1.
The reduced resistance of the pileup material thus causes the
smaller values of the transverse hardness as compared to the
normal hardness.
Note that in the calculation of the transverse hardness all
substrate material contacting the tip – in particular the pileup –
is included in the calculation of the transverse area. In experi-
ment, often only the contact with the submersed part of the tip
is included, since it can be easily determined from the groove
shape. We add such a hardness determination in Fig. 5(c);
here the forces determined from MD were taken unchanged
while the area was calculated without including the pileup (not
shown here). Indeed these data show strongly increased hard-
ness values that are even larger than the normal hardness. In-
terestingly, the transverse hardness without taking the pileup
into account is quite close to the normal hardness values cal-
culated during indentation. This can be taken as an indica-
tion that this determination of transverse hardness – which re-
lies on the plastic resistance of the sub-surface material to the
scratching tip – is not unreasonable. We note that a similar
conclusion could be drawn for the scratching of crystalline Fe
in various surface orientations and scratch directions [25].
C. Active zones
Now, we want to determine the damage induced inside the
sample by the scratching procedure performed in the surface.
Fig. 6 shows the deformation due to the initial indentation and
the succeeding scratching for temperatures T=10 K, 300 K
and 800 K for a scratching depth of 30 A˚. Here, we analyze
the von-Mises shear strain (VMSS), which is the conventional
way to analyze glass plasticity in atomistic simulations [44].
We deleted the atoms with VMSS less than 0.1 to better ob-
serve the zone where plastic activity occurs. For each temper-
ature, the figure shows a side view of a thin slab (thickness
of around 20 A˚) and a top view snapshot. These figures are
taken after completing the entire scratching distance of 100 A˚
when the indenter has not yet been withdrawn. The set of
particles shown in Fig. 6 we name the active zone. We want
to emphasize that this set of particles shown in this figure,
also contains particles that can, in principle, return elastically
or visco-elastically to their original configuration with the re-
lease of the indenter pressure [31]. However, since we are not
quantifying strain irreversibility, we might sometimes refer to
the active zone as the plastic zone, without ambiguity. The
active zone at this depth, as shown in this figure, mostly con-
sists of STZs. These STZs consist of such atoms that move
cooperatively and thus form regions with high shear strain.
Only at low temperatures larger STZs start forming in string-
like arrangements pointing toward the beginning of shear band
formation. Also, the active zone increases with temperature,
suggesting more localized plastic events for low temperatures.
This effect is well known and has been reported in nanoinden-
tation studies [8, 31, 45] and other loading experiments [46–
48]. From the top view snapshots, a very noticeable activity
can be observed at the surface of the sample with increasing
temperature, with no shear-band formation at the surface at
any of the studied temperatures.
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FIG. 5. Evolution of the (a) normal and (b) transverse contact pressure pc with scratching distance, ds, for various temperatures T . (c) Normal
and transverse scratching hardness as well as indentation hardness as a function of temperature. The indentation hardness was averaged
between indentation depths of 20 A˚to 30 A˚. The scratching hardnesses are calculated as averages over the contact pressure for scratching
distances > 80 A˚. For the transverse hardness, two values are provided, depending on whether the pileup above the surface was included in
the are determination or not; see text.
In order to quantify the plasticity produced during scratch,
we monitor the atoms that underwent large von-Mises
strains [44], as seen in Fig. 6. Shear transformation zones
(STZs) consist of such atoms that move cooperatively and
thus form regions with high shear strain. We denote by Np the
number of atoms with large value of the VMSS. For this anal-
ysis we exclude the atoms belonging to the pileups and focus
on the material below the original surface. We convert Np to
the volume of the active zone, Vp = NpΩ, by multiplying with
the (weighted) atomic volume of our system, Ω = 16.1 A˚3.
Since we are interested in the effect of scratching, the vol-
ume created during indentation, V indp , has been subtracted.
Technically, we need to introduce a cut-off value of the von-
Mises strain, VMSScutoff, such that Vp quantifies the number
of atoms with von-Mises strain above VMSScutoff. It has been
argued that a reasonable value is around 0.2 [49, 50]. We
monitor the sensitivity of Vp on VMSScutoff in Fig. 7(a). It
can be observed that the growing behavior is very similar for
all choices of VMSScutoff. We therefore select an intermediate
value VMSScutoff = 0.3 to perform a temperature–dependence
analysis.
Fig. 7(b) shows how the volume of the plastic zone in-
creases as a function of distance for different temperatures.
For the high temperature there is a more rapid growth of the
active zone as a function of scratching distance than for lower
temperatures. This behavior is due to the enhanced relaxation
due to homogenous flow.
The volume generation rate of the atoms of the active zone,
obtained from the slope of Fig. 7(b), is shown in Fig. 7(c) as
a function of temperature. The numbers show a slight trend
of increase with T , but it is pronounced only above the glass
transition temperature.
Finally, we want to compare the active volume produced
during scratch with the one produced during the indentation
process. In order to put the comparison on the same footing,
we plot the active volume, Vp, versus the volume excavated
V during indent, Fig. 8a, or scratch, Fig. 8b. The volume of
the indentation pit was calculated geometrically as a spherical
cap. Since the volume of the scratching groove can in prin-
ciple change, we re-measured the volume at every step using
an integration method, similar to the contact area calculation,
see Appendix A. In both cases, an approximate proportional-
ity of Vp with V is observed. This allows us to define a plastic
7FIG. 6. Von-Mises shear strain (VMSS) snapshots of a thin slab (∼ 20 A˚) and a top view of the sample at temperatures (a) T = 10 K, (b)
T = 300 K and (c) T = 800 K. These snapshots correspond to the maximum scratching distance 100 A˚ with virtual indenter still in the sample
and shows only atoms with VMSS> 0.1.
efficiency of the indentation and grooving process as
α =
Vp
V
. (4)
Fig. 8c demonstrates that the efficiency is in both cases of the
order 2; this means that as the consequence of each atom that
is removed from the substrate by machining, the active vol-
ume increases by 2 atomic volumes. This information is re-
assuring since it means that from the point of view of the to-
tal plastic volume generated, the kinematically simpler and
computationally less costly process of nanoindentation can
be used for future studies in this field, rather than the more
complex scratching process. In detail the plastic efficiency is
slightly higher for indentation than for scratching for lower
temperatures. However, at high temperatures the scratching
efficiency overtakes the one for indentation meaning that the
thermal processes initiated during indentation continue and
increase at high temperatures. The effect at low temperatures
is caused by the fact that during indent the material is con-
stantly under stress, while during scratch only the front part
of the groove is stressed whereas the rear part of the groove is
starting to relax already, decreasing the active volume there,
see Fig. 6. Finally we note that the plastic efficiency shows
only little temperature dependence for T ≤ 800 K. only when
the glass temperature is approached, the plastic efficiency in-
creases; the increase is particularly strong for nanoscratching.
It can also be observed in Fig. 8b that the final volume
is smaller at lower temperatures, meaning that there is more
elastic recovery, which is consistent with Fig. 2. This recov-
ery not only occurs at the groove floor, but also at the walls of
the groove.
Overall, the results in Sec. III A, III B and III C show that
the lower the hardness, the higher the friction coefficient and
the generation rate of the plastic zones inside the sample.
This in turn leads to a lower rebound, meaning lower elastic
and visco-elastic response with increasing temperature. This
is in accordance with experimental observations during dy-
namic mechanical excitations [51], where it was found that
the elastic response (real part of Young’s modulus) decreases
and the mechanical loss (imaginary part of Young’s modu-
lus) increases when approaching the glass transition tempera-
ture. This suggests that the increase in the friction coefficient
is caused by enhanced activation of atomic rearrangements at
higher temperatures.
D. Scratching depth dependence
In principle, a larger deformation could involve a differ-
ent mechanism of deformation, i.e., a transition from STZs to
shear band operation. Therefore, in this section, we are going
to review the effects of shear band activity on the quantities
measured in the previous section. In order to do this, we ap-
ply a larger deformation by increasing the depth of the initial
indentation before scratching. Here, we keep a constant tem-
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FIG. 7. (a) Volume of the active zone, Vp, as a function of scratching distance at T = 10 K for different values of VMSScutoff. The volume
created during indentation, V indp , has been subtracted. (b) Vp as a function of scratching distance for different temperatures. Note the difference
in ordinate scale in panels (a) and (b). (c) Generation rate of active atoms, dVp/dds, as a function of temperature.
perature T = 10 K and scratch the sample at depths 20, 30, 40,
50 and 70 A˚. Fig. 9 shows the von-Mises shear strain (VMSS)
for scratching depths 20, 40, and 50 A˚, including only atoms
with VMSS > 0.1. For each case, we show a side view of
a thin slab (thickness of around 20 A˚) and a top view snap-
shot. One can observe that at scratching depth 50 A˚, there are
shear bands already forming inside the workpiece and also in
its surface. It can be seen that the shear bands in the surface
propagate along the scratching direction and not perpendicu-
lar to it; this corresponds to experimental observations where
shear bands are also seen to grow perpendicular to the scratch
direction [20, 21, 52]. This is also the case for scratching
depth 70 A˚ (not shown here).
Fig. 10 summarizes the results obtained for various scratch-
ing depths. The coefficient of friction increases with scratch-
ing depth, see Fig. 10(a), in agreement with experiments [53].
The trend seems to be almost linear for depths ≥ 30 A˚.
Bowden and Tabor [41] provided a simple geometrical pre-
diction for the friction coefficient. Assuming that the normal
and transverse hardness are identical, the friction coefficient
is simply given by the ratio of normal and transverse areas of
the submersed part of the tip. For a sphere this leads to a law
µ =
2θ − sin(2θ)
pi sin2 θ
, (5)
where, θ is the semi-angle at the center of the spherical inden-
ter subtended by the groove which is give as a function of the
indenter radius and the scratch depth d as
cosθ =
R−d
R
. (6)
As Fig. 10(a) shows, the geometrical model nicely explains
the increase of the friction coefficient with scratch depth. Our
values are, however, systematically smaller than the model;
this is caused by the fact that the transverse hardness is smaller
than the normal hardness: hence the area ratio overestimates
the force ratio.
The normal hardness, shown in Fig. 10(b), does not depend
on scratching depth. We note that the indentation hardness
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FIG. 8. Volume of the active zone, Vp, generated after (a) indenting and (b) scratching a volume V . Note the difference in ordinate scale in
panels (a) and (b). (c) Plastic efficiency, α , Eq. (4), as a function of temperature.
measured during indentation to a depth of 30 A˚ amounts to
8.52 GPa, see Fig. 5(c), very close to the normal scratching
hardness. The slightly smaller value during scratch can be as-
sociated with the more complex loading profile: while during
indent the entire sample below the indenter is loaded, during
scratch the front part is loaded while the rear part is unloaded.
This more complex loading pattern results in a slightly smaller
normal hardness during scratching.
However, the transverse hardness shows a pronounced
depth dependence, see Fig. 10(b). This is connected to the
growing frontal pileup, which provides less resistance to the
moving tip than the sub-surface material. Indeed, as Fig. 10(c)
demonstrates, the pileup height increases more or less in pro-
portion with the scratch depth. At scratch depths beyond
around 4 nm, the transverse hardness saturates; evidently the
intrinsic hardness of the pileup material is of the order of
4 GPa such that the lateral hardness cannot fall below this
value. Again, as in the case of Fig. 5(c), we have included
in Fig. 10(b) the calculation of transverse hardness as done in
experiments, i.e., excluding the pileup formation in the deter-
mination of the contact area. As discussed before in the text,
using such a determination of the contact area overestimates
the transverse hardness.
In Fig. 10(c) we also plot the height of the visco-elastic
recovery. It also increase slightly, from around 11.8 A˚ at a
scratch depth of d = 2 nm to 17.1 A˚ for d = 7 nm. This is
plausible, since for a spherical tip, a larger scratch depth im-
plies a larger tip contact area, and hence a larger volume that
is loaded under compressive stress; hence unloading leads to
a larger elastic and visco-elastic rebound.
The mechanical properties discussed in this section show
very little difference on the scratching depth, while the tribo-
logical properties show a dependence proportional to depth.
Although we observe shear bands at high scratching depth,
our results suggest that the deformation is not high enough to
observe changes in the macroscopical quantities.
IV. SUMMARY
In this work we used the method of molecular dynam-
ics simulation to study the tribological properties of metallic
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FIG. 9. Von-Mises shear strain (VMSS) snapshots of a thin slab (∼ 20 A˚) and a top view of the sample at scratching depth (a) 20 A˚, (b) 40 A˚
and (c) 50 A˚. These snapshots correspond to the maximum scratching distance 100 A˚ with virtual indenter still in the sample.
glasses. This class of materials is known to exhibit a large
elasticity; this feature has clear advantages for their tribologi-
cal response, and in particular for the external damage of the
material during abrasive wear, which is often analyzed in ex-
periments. The total strain is distributed among a large elastic,
visco-elastic and plastic strain, and so, in comparison to crys-
tals, a given total strain can be more effectively accommo-
dated at lower temperatures and partially recovered leading to
a reduced external damage.
Our simulations show the creation of STZs during abrasive
wear, similarly to other loading mechanisms such as nanoin-
dentation. However in contrast to nanoindentation, the total
volume of the rearranging regions exhibits a temperature de-
pendence which leads to the surprising effect that metallic
glasses are apparently more damage-tolerant during scratch-
ing than during nano-indentation at low temperatures. Well
above room temperature, this effect is reversed.
We summarize the main findings of our atomistic study on
plastic activity during nanoscratching of a CuZr glass as fol-
lows.
1. The groove shows a considerable amount of (visco-)
elastic recovery of the order of 1–2 nm for scratch depth
between 2 and 7 nm. The pileup generated above the
surface increases steadily with scratch direction reach-
ing its summit immediately in front of the scratch tip.
2. After indentation, the system experiences an onset
phase, after which scratching shows constant features
(in normal direction). The normal force and contact
area decrease during this onset phase while the rear
part of the tip loses contact with the groove floor. Af-
ter the transverse force built up during the onset phase,
it steadily increases during scratching, as the frontal
pileup increases in size.
3. The normal hardness assumes similar values as during
indentation. The magnitude of the transverse hardness
depends critically on whether the frontal pileup is in-
cluded in the area determination or not; the hardness
decreases significantly if the pileup is included since it
offers less resistance to the scratching tip than the sub-
surface material. If only the submersed tip area is taken
into account for hardness determination, the transverse
hardness is of similar size as the normal hardness.
4. We quantify the plastic activity by the volume of active
zones, in which atoms were subject to a strain larger
than a pre-defined cutoff value. While, evidently, the
absolute values of the volumes depend on the cutoff
value, the production rates do not. They allow us to de-
fine a plastic efficiency, Eq. (4), as the size of the plastic
zone relative to the size of the excavated groove. This
quantity thus relates internal damage (plasticity) to ex-
ternal damage (abrasive wear). Its value is similar in in-
dentation and scratching, and shows only little temper-
ature dependence up to the glass transition temperature.
The strong increase of the efficiency when scratching
at the glass temperature suggests that the indentation
process reduces the activation barriers for structural re-
arrangement in a large region of the sample, thus al-
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FIG. 10. (a) Averaged friction coefficient µ = Ft/Fn as a function of scratching depth (averaged over scratching distance > 80 A˚). The line
shows the geometrical prediction by Bowden and Tabor [41], Eq. (5). (b) Normal and transverse hardness as a function of scratching depth.
(c) Pileup and visco-elastic recovery height for different scratching depths.
lowing more structural relaxation processes which con-
tribute to faster increase of the volume of active zones
during scratching.
5. These active zones correspond to a set of STZs. An or-
ganization in (planar) shear bands is not recognizable
for scratching depths < 30 A˚. Only for larger depths
the formation of shear bands is initiated. However, the
formed shear bands show no effects, other than propor-
tional, in the macroscopic quantities measured here.
6. The glass material becomes significantly softer with
increasing temperature, in that its (normal and trans-
verse) hardness decreases. The friction coefficient is
remarkably unaffected by temperature. Below the glass
transition temperature, we cannot identify a signifi-
cant change in the friction coefficient. However, above
the glass transition temperature, the friction coefficient
rises.
7. A peculiar behavior becomes apparent at or slightly
above the glass transition temperature in that the gen-
eration of active zones increases whereas the height of
the pileup decreases.
8. We find that at high temperatures, close to the glass
transition temperature, a decrease in hardness correlates
with an increase of the friction coefficient, higher gen-
eration rate of the plastic zones and lower elastic and
visco-elastic response. This suggests that the increase
in the friction coefficient is caused by enhanced activa-
tion of atomic rearrangements at higher temperatures.
Appendix A: Contact area determination
In this appendix, we introduce a new method to determine
the contact area in nanoscratching. First, we briefly summa-
rize the most common methods used for spherical tips.
For indentation, the normal contact area is usually deter-
mined by geometrical methods. The most straightforward
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FIG. 11. Projected normal area of atoms contacting the indenter in a
scratch simulation. The front (rear) part of the tip is marked by differ-
ent colors. The contact area is calculated by cutting the geometrical
projection in stripes of width ∆y and length xmaxi − xmini .
method is the approximation of the projected area by a cir-
cle. This is used both in experiments and simulation. A more
accurate method used in MD simulations is the elliptical ap-
proximation [54]. The elliptical method determines the area
of an ellipse by using the minimum and maximum position of
the atoms, both in x and y directions, in the following way
Aelliptical =
pi
4
(xmax− xmin)(ymax− ymin). (A1)
The atoms considered to be in contact with the indenter are
contained within a shell separated by a distance rc from the
indenter. In the following methods, it is also necessary to se-
lect a shell around the indenter to determine the contact atoms.
The bigger rc, the bigger is the estimated value of the area.
In nanoscratching, the area determination is not so straight-
forward since it is irregularly shaped (see Fig. 11). In
Refs. [25, 34, 54], it was proposed to sum the projected ar-
eas of individual atoms in contact with the indenter in order
to calculate the total contact area, which is referred to as the
atomistic method. Each atom has an area piσ2 projected ac-
cording to the angle αi formed from the center of the indenter
to the position of the contact atom i. The normal and trans-
verse contact areas are thus given by
ANatom = piσ
2 ∑
i∈contact
cosαi, (A2)
ATatom = piσ
2 ∑
i∈contact
sinαi cosθi. (A3)
Note that for the calculation of the tangential area, also the
azimuthal angle, θi, under which atom i is seen with respect
to the scratch direction, had to be introduced [55].
The atomistic method has been implemented with success
in several simulations of nanoscratching in crystals [25, 34,
54]. However, for substrates containing more than one atom
species, the introduction of a second or more values of σ com-
plicates the calculation of the contact areas using this method.
Here we propose to calculate the contact area by a simple
one-dimensional integration scheme. To this end, we divide
up the projected area by stripes (along the scratching direc-
tion) of width ∆y. The length of each stripe is given by the
difference between the atom at the maximum position and the
atom at the minimum position in the direction of scratching,
both located within the stripe (see Fig. 11). In the case of the
normal projection, the contact area is given by
ANInt =
Ntotal
∑
i=1
(xmaxi − xmini )∆y, (A4)
where Ntotal is the total number of stripes. The transverse pro-
jection is given by
ATInt =
Ntotal
∑
i=1
(zmaxi − zmini )∆y. (A5)
For both cases, normal and transverse calculations, we se-
lect the same stripe width ∆y. In the present work, we se-
lect ∆y = 1.6 A˚, which is about the value of the atomic radius
of the larger of two atom species (Zr) [30], and rc = 2.77 A˚,
which corresponds to the first maximum of the radial distribu-
tion function [30].
For the case of nanoindentation, we compare the results of
the elliptical, atomistic and the integration method in Fig. 12.
In this figure we use rc = 2.77 A˚ for the elliptical and the in-
tegration method. Since the atomistic method measures the
real projection of the atoms around the indenter, we restrict rc
to strictly the first nighest neighbors shell by using half of the
peak from the radial distribution function, i.e., rc = 1.385 A˚.
Also, for the atomistic method, we use σ = 1.5 A˚ (see Eq.
(A2)), which corresponds to the weighted radius by the chem-
ical composition percentage. We can observe that all methods
follow each other closely.
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FIG. 12. Evolution of the normal contact area with indentation depth
as determined with the methods discussed in Appendix A.
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